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The  cognition  of nonverbal  sounds  in  dementia  has  been  relatively  little  explored.  Here we undertook  a
systematic  study  of nonverbal  sound  processing  in patient  groups  with  canonical  dementia  syndromes
comprising  clinically  diagnosed  typical  amnestic  Alzheimer’s  disease  (AD;  n  =  21), progressive  nonﬂuent
aphasia  (PNFA;  n = 5),  logopenic  progressive  aphasia  (LPA;  n  =  7)  and  aphasia  in association  with  a  pro-
granulin  gene  mutation  (GAA;  n  = 1),  and  in healthy  age-matched  controls  (n = 20).  Based  on a  cognitive
framework  treating  complex  sounds  as  ‘auditory  objects’,  we designed  a  novel  neuropsychological  battery
to probe  auditory  object  cognition  at early  perceptual  (sub-object),  object  representational  (apperceptive)
and semantic  levels.  All patients  had  assessments  of peripheral  hearing  and general  neuropsychologi-
cal  functions  in addition  to  the experimental  auditory  battery.  While  a  number  of  aspects  of  auditory
object  analysis  were  impaired  across  patient  groups  and  were  inﬂuenced  by  general  executive  (work-
ing memory)  capacity,  certain  auditory  deﬁcits  had  some  speciﬁcity  for particular  dementia  syndromes.
Patients  with  AD had  a disproportionate  deﬁcit  of  auditory  apperception  but  preserved  timbre  processing.
Patients  with  PNFA  had  salient  deﬁcits  of  timbre  and  auditory  semantic  processing,  but intact  auditory
size  and apperceptive  processing.  Patients  with  LPA had  a generalised  auditory  deﬁcit  that  was  inﬂu-
enced  by working  memory  function.  In  contrast,  the  patient  with  GAA  showed  substantial  preservation
of  auditory  function,  but a mild  deﬁcit  of  pitch  direction  processing  and  a more  severe  deﬁcit  of  audi-
tory  apperception.  The  ﬁndings  provide  evidence  for separable  stages  of  auditory  object  analysis  and
aired  separable  proﬁles  of imp
. Introduction
In contrast to the well established taxonomy of visual object
rocessing deﬁcits (e.g., De Renzi, Scotti, & Spinnler, 1969; Marr,
982; Riddoch & Humphreys, 1987; Warrington & Taylor, 1978),
he neuropsychological organisation of object processing in the
uditory domain remains poorly deﬁned. While agnosias for objects
n the visual and auditory domains may  have certain neuropsycho-
ogical similarities (Goll, Crutch, & Warren, 2010; Grifﬁths, Rees,
 Green, 1999; Simons & Ralph, 1999), the very concept of an
uditory object is somewhat problematic (see Grifﬁths & Warren,
004). Operationally, an auditory object may  be deﬁned very gen-
rally (and analogously to the objects of vision) as any collection
f acoustic sensory data bound in a common perceptual represen-
ation and disambiguated from the auditory scene (Goll, Crutch, Warren, 2010). A substantial body of functional imaging stud-
es (for example, Leaver & Rauschecker, 2010; Lewis, Brefczynski,
hinney, Janik, & DeYoe, 2005; Lewis, Talkington, Puce, Engel, &
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Frum, 2010; Staeren, Renvall, De Martino, Goebel, & Formisano,
2009) has advanced our understanding of the brain mechanisms
that establish auditory object percepts and associate those percepts
with meaning. There are two fundamental justiﬁcations for extend-
ing the study of these mechanisms to brain disease. From a clinical
perspective, disorders of auditory object processing (considered
very broadly) give rise to a diverse host of symptoms and deﬁcits
(Goll, Crutch, & Warren, 2010). From a cognitive neuropsycholog-
ical perspective, to determine the essential cognitive components
of auditory object processing and the relations between those com-
ponents requires the study of damaged brains. This latter principle
applies to object processing in any sensory domain; however, the
rarity of naturally occurring focal lesions that strategically disrupt
auditory object processing poses particular difﬁculties.
The study of auditory object processing in neurodegenerative
disease is warranted on both anatomical and clinical grounds.
Anatomically, the common degenerative dementias (in particular
Alzheimer’s disease and frontotemporal lobar degeneration (FTLD))
Open access under CC BY license.target brain networks centred on peri-Sylvian cortices that have
been implicated in processing auditory objects in the healthy brain
(Gorno-Tempini et al., 2004; Nestor et al., 2003; Rohrer, Crutch,
Warrington, & Warren, 2010; Rohrer et al., 2009). In FTLD, focal
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egeneration can lead to disordered processing of complex sounds,
nd speciﬁc disorders of auditory object processing have been doc-
mented (Confavreux, Croisile, Garassus, Aimard, & Trillet, 1992;
oll, Crutch, Loo et al., 2010; Goll, Crutch, & Warren, 2010; Iizuka,
uzuki, Endo, Fujii, & Mori, 2007; Jorgens et al., 2008; Kuramoto
t al., 2002; Otsuki, Soma, Sato, Homma, & Tsuji, 1998; Uttner et al.,
006). Within the FTLD spectrum, at least three different primary
rogressive aphasia (PPA) syndromes are associated with differ-
nt patterns of auditory processing deﬁcits: progressive nonﬂuent
phasia (PNFA; a canonical language-led syndrome) is associated
ith deﬁcient perceptual representation and recognition of audi-
ory objects (Goll, Crutch, Loo et al., 2010); logopenic progressive
phasia (LPA; a language-led dementia generally underpinned
y Alzheimer pathology) is associated with defective auditory
orking memory, most widely studied for speech sounds (Gorno-
empini et al., 2004, 2008; Rohrer, Ridgway, et al., 2010); and
emantic dementia (SD) is associated with a multimodal deﬁcit of
bject knowledge that includes nonverbal sounds (Bozeat, Lambon
alph, Patterson, Garrard, & Hodges, 2000; Goll, Crutch, Loo et al.,
010). Clinically typical amnestic Alzheimer’s disease (here desig-
ated ‘AD’) is associated with deﬁcient perceptual and semantic
rocessing of environmental sounds and melodies (Eustache et al.,
995; Jeon & Lee, 2009; Kurylo, Corkin, Allard, Zatorre, & Growdon,
993; Omar, Hailstone, Warren, Crutch, & Warren, 2010; Vanstone
 Cuddy, 2010). However, nonverbal auditory object processing
as not been studied systematically in a broad cross-section of
eurodegenerative disorders.
In this study we set out to investigate different levels of non-
erbal auditory object processing in two syndromes of PPA (PNFA,
PA) and AD. Our motivation in undertaking this new study fol-
owing our previous study of nonverbal auditory cognition in PNFA
nd SD (Goll, Crutch, Loo et al., 2010) was threefold. Firstly, we
ished to extend the investigation to include patients clinically
iagnosed with the most common degenerative dementia, AD, and
ts language variant, LPA. Secondly, we wished to assess auditory
bject cognition while minimising or adjusting for working mem-
ry demands, which may  have affected patient performance in our
arlier study. Finally, we wished to extend the analysis of auditory
bject cognition to probe a wider range of processes, including early
erceptual mechanisms. Accordingly, we designed a novel battery
f neuropsychological tasks to probe auditory object cognition at
arly perceptual (sub-object), object representational (appercep-
ive) and semantic levels of analysis, using response procedures
uitable for use with cognitively impaired patients and minimising
xtraneous cognitive demands. Patients with SD were not included
n this study: previous work has suggested that these patients have
 generic semantic deﬁcit rather than a speciﬁc disorder of auditory
bject processing (Bozeat et al., 2000; Goll, Crutch, Loo et al., 2010).
. Methods
.1. Subjects
Thirty-four consecutive patients fulﬁlling clinical diagnostic criteria for AD or
PA (excluding patients with SD) were recruited via a tertiary cognitive disorders
linic. Twenty healthy control subjects with no history of neurological or psychi-
tric illness also participated. The patient cohort comprised 21 patients with AD,
ve  with PNFA, seven with LPA, and one with PPA in association with a known pro-
ranulin gene mutation (here designated progranulin-associated aphasia, ‘GAA’).
atient diagnoses were based upon a structured clinical history and neurological
xamination by an experienced cognitive neurologist, and a general neuropsycho-
ogical assessment (which also provided background data to assist interpretation
f  the experimental auditory battery; see Table 1). A diagnosis of AD was  based on
evised NINCDS-ADRDA criteria for probable AD (Dubois et al., 2007; McKhann et al.,
984)  with a corroborating history of episodic or topographical memory impairment
s  the leading symptom. All patients with PPA presented with language impairment
s the leading clinical symptom. A diagnosis of PNFA was  based on modiﬁed Neary
riteria (Gorno-Tempini et al., 2004; Neary et al., 1998) with evidence of speech
praxia and/or agrammatism, impaired single word repetition but preserved single
ord comprehension and a corroborating history of progressive speech productionia 49 (2011) 2755– 2765
impairment as the leading symptom. A diagnosis of LPA was based on a history
of language-led cognitive decline with evidence of word-ﬁnding pauses in sponta-
neous speech (without speech apraxia), impaired repetition and comprehension of
sentences (with relatively preserved repetition of single words) and impaired ver-
bal short-term memory (as per Gorno-Tempini et al., 2008, 2004; Rohrer, Ridgway,
et  al., 2010). Neurolinguistic ﬁndings in the patient with GAA have been previously
described (Rohrer, Crutch, et al., 2010): in essence, this 64 year old right-handed
male  shopkeeper had a four year history of gravely impoverished propositional
speech with anomia, prolonged word-ﬁnding pauses, impaired speech repetition
(most marked for sentences), severely impaired verbal (with preserved visuospa-
tial) short-term memory and relatively selective impairments of verb processing
and associative verbal (but preserved visual) semantic processing. Most (20/21)
patients with AD were taking either an acetylcholinesterase inhibitor (donepezil or
rivastigmine) or memantine at the time of testing; 3/7patients with LPA were tak-
ing  donepezil while no patients with PNFA were receiving psychotropic medication.
A  subset of the neuropsychological assessments completed by patients, measuring
general (non-auditory) cognitive abilities that might inﬂuence performance on the
experimental tests, were also completed by controls. Demographic and general neu-
ropsychological data for all subjects are summarised in Table 1; individual patient
data  are presented in Supplementary Material on-line.
Individuals with clinically signiﬁcant bilateral hearing loss were excluded from
this study; participating subjects reported either no clinically signiﬁcant hearing
loss  (52/54 subjects), or clinically signiﬁcant hearing loss in one ear only (one patient
with AD and one healthy control subject). In order to assess the effects of any sub-
clinical peripheral hearing loss on auditory cognitive performance, subjects were
assessed with audiometry (see below). In addition, to reduce the likelihood of includ-
ing  in the study patients with congenital amusia (‘tone deafness’: Stewart, 2008), at
the  time of recruitment a questionnaire concerning prior singing ability was  admin-
istered to the patient’s carer (further details in Supplementary Material on-line); no
patients were declined entry on this basis.
One patient with AD and the patient with GAA could not be scanned at the
time of auditory assessment due to insertion of a cardiac pacemaker; however, the
patient with GAA had previous brain MR imaging. All other patients underwent
volumetric brain MRI  on a Siemens Trio TIM 3-Tesla scanner at the time of their
participation in the study. On visual inspection by an experienced neuroradiolo-
gist, the MRI ﬁndings were in keeping with the clinical diagnosis for all patients. In
the  AD group, 19/20 patients had bilateral, predominantly hippocampal and mesial
temporal lobe atrophy; most patients had additional bilateral involvement of audi-
tory association cortical areas surrounding Heschl’s gyrus in the superior temporal
gyrus and inferior parietal lobe. In the PNFA group, 3/5 patients had predominantly
left-sided peri-Sylvian atrophy; in all cases, atrophy involved auditory association
cortical areas surrounding Heschl’s gyrus in the superior temporal gyrus and inferior
parietal lobe. In the LPA group, 5/7 patients had predominantly left-sided parieto-
temporal atrophy; in all cases, atrophy involved auditory association cortical areas
surrounding Heschl’s gyrus in the superior temporal gyrus and inferior parietal lobe.
The patient with GAA had predominantly left-sided fronto-parieto-temporal atro-
phy, including auditory association cortical areas surrounding Heschl’s gyrus in the
superior temporal gyrus and inferior parietal lobe. Further neuroanatomical details
(including a visual analysis of key auditory cortical regions for each patient) are
presented in Supplementary Material on-line.
All  subjects gave written informed consent to participate and the study was
conducted in accord with the guidelines laid down in the Declaration of Helsinki.
2.2.  Peripheral hearing assessment
To assess any effects of hearing loss on performance in the experimental tasks,
all  subjects underwent pure tone audiometry, administered via headphones from
a  notebook computer in a quiet room. The procedure was adapted from a com-
mercial screening audiometry software package (AUDIO-CDTM, Digital Recordings,
http://www.digital-recordings.com/audiocd/audio.html).  Five frequency levels (0.5,
1,  2, 3, 4 kHz) were assessed: at each frequency, subjects were presented with a con-
tinuous tone that slowly and linearly increased in intensity. Subjects were instructed
to  tap as soon as they could detect the tone; this response time was measured and
stored for ofﬂine analysis. The mean value for three presentations of the same tone
in  the right ear (or the left ear in the case of one AD patient and one control sub-
ject who reported unilateral right-sided hearing loss) was  taken as the detection
threshold for that frequency.
2.3. Structure of the experimental battery
In  designing the experimental battery, three general principles were followed:
all  tests used forced-choice responses, to standardise the response procedure across
different levels of processing; cross-modal responses were avoided, to allow conclu-
sions about within-modality auditory cognitive processes; and all trials presented a
single auditory object, to reduce short-term memory demands associated with com-
parisons between sequentially presented sounds. Based on these general principles,
we  designed tests to assess three levels of cognitive processing that are likely to be
linked hierarchically in the identiﬁcation of sound objects, based on both neuropsy-
chological (Goll, Crutch, Loo et al., 2010, Goll, Crutch, & Warren, 2010; Grifﬁths et al.,
2007; Johnsrude, Penhune, & Zatorre, 2000; Saygin, Dick, Wilson, Dronkers, & Bates,
J.C.
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Table 1
Demographic and general neuropsychology data: summary statistics by group, and group differences.
Measure Units Control AD PNFA LPA GAA Group differences
Mean (std. dev); unless otherwise indicated Score AD versus PNFA AD versus LPA PNFA versus LPA
Gender m:f  6:14 9:12 0:5* 5:2 1 male
√ √
Age Years 65.1  (7.7) 65.0 (7.9) 68 (6.6) 64.3 (4.8) 64
Education 13.6 (3.6) 13.5 (3.0) 12.6 (3.6) 11.3 (1.6)* 12
√
Disease duration Months – 71.2 (30) 51.4 (13.6) 49.3 (11.0) 39
√ √
Medication AChEI – 18 0 3 None – – –
Memantine – 2 0 0 – – –
MMSE  Raw score/30 – 22.1 (4.2) 19.2 (5.0) 9.4 (3.9) 0
√ √
WASI  VIQ IQ – 101.1 (16.9) 65.0 (15.4) 59.4 (7.6) 55
√ √
WASI  PIQ – 87.3 (19.4) 81.2 (12.4) 68.9 (4.9) 95
√
BPVSc – 109.5 (17.4) 81.4 (31.7) 53.7 (21.9) 112
√ √
RMT  (Words) Z
score
– −1.4 (0.6) −0.7 (1.0) −1.7 (0.0) −1.7 √ √ √
RMT  (Faces) – −1.3 (0.7) −1.1 (0.7) −1.7 (0.0) −1.3 √ √
Graded  Naming Test – −0.8 (1.5) −1.8 (1.4) −2.7 (0.0) −2.3 √ √
Arithmetic – −1.1 (1.0) −1.8 (0.7) −2.3 (0.1) −2.3 √
Object Decision – −0.4 (1.2) −0.8 (1.3) −0.6 (1.2) 3.0
Stroop (Colour naming)a – −1.5 (1.4) −2.5 (1.2) −3.0 (0.0) Unable √
Stroop (Word reading)a – −1.2 (1.6) −2.5 (1.2) −3.0 (0.0) Unable √
Stroop (Interference)a,b – −1.5 (1.2) −2.8 (0.2) −3.0 (0.0) Unable √ √
Digit  span (forwards) Raw
score/12
9.8 (1.5) 7.5 (2.2)* 4.6 (3.5)* 3.3 (3.1)* 0
√ √
Digit  span (backwards) 8.2 (3) 5.2 (2.8)* 2.0 (1.9)* 1.7 (1.5)* 0
√ √
Visuo-spatial span (forwards) 7.7 (2.2) 5.2 (2.5)* 5.0 (1.0)* 2.7 (1.5)* 6
√ √
Visuo-spatial span (backwards) 7.3 (1.0) 3.9 (2.1)* 3.8 (2.2)* 1.0 (0.8)* 5
√ √
Single  word repetition Raw score/20 – – 7.5 (9.3)d 18.4 (2.1)e 17 – –
Statistical inferences are based on bootstrap conﬁdence intervals (95%, bias-corrected, accelerated with 2000 replications), and are adjusted for age and gender (except where test score standardisation had already accounted for
these  factors). Key: Bold numbers indicate mean patient score < 5th percentile of published normative data. –, not tested.
* Patient group signiﬁcantly different to control group (p < 0.05).√
Signiﬁcant difference between patient groups (p < 0.05).
a 5 LPA patients were unable to attempt the Stroop test.
b 3 AD and 3 PNFA subjects were unable to attempt the Stroop interference condition.
c Normative data for 18 year-old subjects.
d 1 PNFA patient was not administered the single word repetition test.
e 2 LPA patients were not administered the single word repetition test.
AChEI, acetylcholinesterase inhibitor; AD, clinically typical Alzheimer’s disease; Arithmetic, Graded Difﬁculty Arithmetic test (Jackson & Warrington, 1986); BPVS, British Picture Vocabulary Scale (Dunn et al., 1982); Digit span,
WMS-R  Digit Span (Wechsler, 1987); GAA, single case with progranulin-associated aphasia (see text); Graded Naming Test (McKenna & Warrington, 1983); LPA, logopenic aphasia; MMSE, mini-mental state examination (Folstein,
Folstein, & McHugh, 1975); Object Decision Test of visual object perception from the Visual Object and Space Perception Battery (Warrington & James, 1991); PNFA, progressive non-ﬂuent aphasia; RMT, Recognition Memory
Test  (Warrington, 1984); single word repetition test composed from 20 low frequency words with 1, 2 or 3 syllables selected from the word repetition test of McCarthy & Warrington (1984) (this test was used to help deﬁne the
PNFA  and LPA syndromes); Stroop, D-KEFS Stroop test (Delis, Kaplan, & Kramer, 2001); Visuo-spatial span, WMS-III Spatial Span (Wechsler, 1997); WASI VIQ & PIQ, Wechsler Abbreviated Scale of Intelligence measures of verbal
and  performance IQ (Wechsler, 1999).
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003; Schnider, Benson, Alexander, & Schnider-Klaus, 1994; Tramo, Shah, & Braida,
002; Vignolo, 1982, 2003; Zatorre, 1988) and normal functional imaging evidence
Engel, Frum, Puce, Walker, & Lewis, 2009; Leaver & Rauschecker, 2010; Lewis et al.,
005, 2010; Patterson, Uppenkamp, Johnsrude, & Grifﬁths, 2002; Penagos, Melcher,
 Oxenham, 2004; Staeren et al., 2009; von Kriegstein, Warren, Ives, Patterson, &
rifﬁths, 2006; von Kriegstein, Smith, Patterson, Ives, & Grifﬁths, 2007; Warren,
ennings, & Grifﬁths, 2005).
The ﬁrst level of processing we addressed was early perceptual coding of audi-
ory properties at the sub-object level, i.e., properties that contribute to, but are
nlikely in themselves to constitute, whole object representations. Here we  chose
he sub-object level properties of pitch, timbre (the auditory property that distin-
uishes two  sounds of identical pitch, loudness and duration, e.g., the same note
layed on a ﬂute and a clarinet) and auditory size. All three properties denote audi-
ory percepts, rather than physical sound attributes, and are likely to be mediated
y  brain mechanisms in primary auditory cortex and beyond.
The second level of processing was the perceptual representation of whole audi-
ory objects, i.e. collections of sub-object perceptual properties bound into uniﬁed
bject representations, analogous to the apperceptive level of visual object pro-
essing. Although the existence of apperceptive mechanisms precisely analogous to
hose of vision has not been established for non-visual sensory objects, it is plausi-
le  that such a processing stage should exist in the auditory modality. In particular,
tored auditory ‘templates’ representing the perceptual structure of particular sound
bjects might facilitate the segregation of sounds in complex auditory environ-
ents and the discrimination of familiar sounds under degraded listening conditions
Goll, Crutch, & Warren, 2010; Grifﬁths & Warren, 2002; Grifﬁths & Warren, 2004;
umar, Stephan, Warren, Friston, & Grifﬁths, 2007). However, neuropsychological
nd neuroimaging evidence for interactions between apperceptive and semantic
rain mechanisms (Clarke, Bellmann, De Ribaupierre, & Assal, 1996; Staeren et al.,
009)  suggests that auditory apperceptive processing has only a limited degree of
ognitive independence, perhaps in part reﬂecting the frequent correlation of per-
eptual and semantic sound object characteristics (Elliott & Theunissen, 2009; Singh
nd Theunissen, 2003; Woolley et al., 2005). In vision, apperceptive mechanisms
acilitate the recognition of objects from different viewpoints and under altered
non-canonical) viewing conditions; however, visual apperceptive tests such as
bject decision may  also have a semantic component (Hovius, Kellenbach, Graham,
odges, & Patterson, 2003). Following the visual analogy, we  designed a test requir-
ng  categorisation of perceptually degraded sounds; while this test is likely to engage
emantic mechanisms to some degree, our intention here was  to weight the task
oward auditory apperceptive mechanisms.
The third level of processing was the recognition of auditory objects, i.e. the
ssociation of perceptual object representations with meaning: auditory semantic
rocessing. In this test, identiﬁcation of environmental sounds was based on clas-
iﬁcation according to a semantic property (whether the sound is typically made
ndoors or outdoors).
.4. Experimental stimuli and tasks
The tests in the experimental battery are shown schematically in Fig. 1. Sound
xamples are available in supplementary material online.
.5.  Sub-object (early perceptual) processing
.5.1. Pitch change perception
Pure tones were synthesised digitally in MATLAB (MathWorksTM). All tones
ither had constant, descending, or ascending frequency (pitch). Ascending and
escending tones had a pitch excursion between 0.6 and 0.8 octaves, and a rate
f  pitch change between 0.3 and 0.4 octaves per second. Values of centre pitch
range: 230–270 Hz) and absolute intensity were varied between stimuli; all tones
ere of ﬁxed duration (2 s). Two  tests were based on these stimuli. In the ﬁrst test
pitch change detection), constant tones and ascending tones were presented and
he  task on each trial was  to decide if the tone changed or remained the same. In
he second test (pitch change direction perception), ascending tones or descending
ones were presented and the task on each trial was  to decide if the tone went ‘up’
r  ‘down’. Sound examples for each test are available on-line (examples 1–4). Each
est comprised 20 trials (10 constant, 10 changing pitch). The two  pitch tests were
dministered consecutively.
.5.2. Spectrotemporal modulation (timbre) perception
We  created a test requiring perception of complex spectrotemporal structure
n  order to probe a cognitive mechanism relevant to the encoding of timbre, itself a
ey  auditory object property. Here, we examined the perception of spectrotempo-
al ‘ripple’ sounds, which require the conjoint processing of simultaneous amplitude
nd frequency modulations (Chi, Gao, Guyton, Ru, & Shamma, 1999). Spectrotem-
oral stimuli associated with a percept of continuous upward or downward sound
otion were synthesised using a previously described algorithm (Chi et al., 1999)
nder MATLAB. Two combinations of frequency modulation (units: cycles/octave,
yc/oct) and amplitude modulation (units: Hertz, Hz) were chosen because they
roduce a clear percept of an upward or downward sweep: (i) 2 cyc/oct, 5 Hz; (ii)
.5  cyc/oct, 6 Hz. Values of centre pitch (range: 230–270 Hz) and absolute intensity
ere varied between stimuli; all stimuli were of ﬁxed duration (6 s). The task onia 49 (2011) 2755– 2765
each trial was  to determine if the sound went ‘up’ or ‘down’; sound examples are
available on-line (examples 5 and 6). The timbre test comprised 20 trials (5 ‘up’ and
5  ‘down’ stimuli for each of the two modulation parameter combinations).
2.5.3. Auditory size perception
Perceived acoustic size is largely dependent upon the length of the resonant
tract through which a sound is emitted (the vocal tract in the case of humans
and  other mammals: Smith, Patterson, Turner, Kawahara, & Irino, 2005). Speciﬁ-
cally, vocalisations are ﬁltered in a manner that reﬂects the length of the emitting
vocal tract (i.e., the size of the sound source); this process occurs independently
of  the sound’s pitch. In order to create a test based on the perception of acoustic
size,  two  prototype sounds corresponding to a familiar animal (barking dog) and a
less familiar animal (barking sea-lion) were obtained from online databases (e.g.,
iStockphoto.com) and re-synthesised to create exemplars with different perceived
acoustic sizes. Perceived vocal tract length (VTL) was manipulated using a previ-
ously described algorithm (Kawahara & Irino, 2005; Kawahara, Masuda-Katsuse, &
de  Cheveigne, 1999; Smith et al., 2005; von Kriegstein et al., 2006, 2007). During re-
synthesis of stimuli, perceived VTL was scaled, while glottal pulse rate (pitch) was
held constant. A range of VTL scaling factors was applied to each prototype sound to
create 10 “large” (145–165% of original VTL) and 10 “small” (50–65% of original VTL)
exemplars, corresponding to two sets of 20 stimuli. These stimulus sets were used to
create two  tests of auditory size perception based on the dog sound and the sea-lion
sound respectively, in order to analyse familiar and unfamiliar sounds separately.
Pitch and intensity were varied and balanced across conditions: all stimuli were re-
synthesised at 1 of 4 pitch values (166, 185, 203, and 222 Hz), with varying absolute
root mean square intensity. Stimulus duration was ﬁxed at 7 s. The task on each trial
was  to decide if the sound was made by a large or a small animal; sound exam-
ples are available on-line (examples 7–10). The two size tests were administered
consecutively.
2.6.  Apperceptive processing: perceptual categorisation of degraded natural
sounds
In order to assess an apperceptive level of sound object processing, we designed
a  test that required the categorisation of degraded sounds based upon perceptual
rather than semantic information. 40 natural sounds from two different sound cat-
egories (20 animal calls, 20 tool noises) were selected from online sound databases
(e.g., iStockphoto.com; all stimuli are listed in Supplementary Table 1 on-line). All
sounds were degraded using a low-pass modulation ﬁltering procedure, according to
a  previously described algorithm (Boumans, Theunissen, Poirier, & Van Der Linden,
2007; Elliott & Theunissen, 2009) run under MATLAB (MathWorksTM). This proce-
dure removes particular ranges of frequency and amplitude modulations that are
relevant to the perception of environmental sounds. Unlike the more common pro-
cess of ﬁltering particular frequency ranges, modulation ﬁltering leaves the overall
spectrotemporal structure of the sound largely intact. The objective of the perceptual
manipulation here was to remove sufﬁcient auditory detail to render the identi-
ﬁcation of individual items difﬁcult, while leaving enough cues to facilitate item
categorisation (i.e., animal or tool). To ensure that the sound degrading procedure
preserved enough information to facilitate categorisation, tool and animal sounds
were modulation ﬁltered in the acoustic domain less relevant to their perception:
animal calls (for which spectral cues are generally important) were temporally ﬁl-
tered (i.e., amplitude modulations were removed), while tool sounds (for which
temporal cues are generally important) were spectrally ﬁltered (i.e., frequency mod-
ulations were removed). Absolute ﬁlter values were varied to achieve approximately
equivalent levels of perceptual degradation across the stimulus set (ﬁlter ranges:
animal sounds, 1–6 Hz; tool sounds, 0.1–1.5 cyc/Hz); subsequent analysis of control
performance suggested that the overall perceptual cost of the degradation proce-
dure was  similar between animal and tool conditions (see Supplementary Table 1
on-line).  Sound duration ranged between 1.6 and 10.5 s. Root mean square intensity
was  ﬁxed for all stimuli. The task on each trial was to decide whether the sound
was more like an animal calling or a tool being used; sound examples are available
on-line (examples 11–12).
2.7. Semantic processing: semantic categorisation of environmental sounds
The clinical population here presented a particular challenge for the assessment
of  sound recognition: conventionally, recognition would be probed using a sound
naming paradigm, but the interpretation of naming performance is complicated in
patients with impaired word retrieval. We therefore designed a test that depended
on  speciﬁc identiﬁcation of environmental sounds but with no requirement for
naming. 40 recorded environmental sounds (including tool, mechanical, vehicle,
and  household noises) that are typically made either indoors (n = 20) or outdoors
(n = 20) were chosen from online stimulus databases (e.g., iStockphoto.com; stimuli
are listed in Supplementary Table 2 on-line). All stimuli were selected to be highly
familiar, clearly representative of the associated object and of high acoustic quality;
subsequent analysis of control performance suggested that overall recognition lev-
els were similar between ‘inside’ and ‘outside’ conditions (see Supplementary Table
2  on-line). Animal calls were avoided for this test since these typically “outdoor”
sounds contain a high level of spectral detail; this association between sound com-
position and semantic category might introduce a signiﬁcant perceptual confound.
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Fig. 1. Schematic of experimental test battery. All tests involved a binary forced choice decision procedure; the alternatives for each test are here represented diagrammatically.
The  pictures in the schematic are intended only to illustrate the types of sound stimuli used, and were not shown to subjects. During testing, response cards were used so that
subjects could answer by pointing or speaking. For each test, response cards presented the two  appropriate verbal options. In addition, in order to familiarise subjects with
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oach  test, visual diagrams were used as follows: for the pitch and timbre tests, direc
mall  font respectively; for the apperceptive test, two  arrays of photos containing c
f  an interior and an outside scene to indicate inside and outside respectively.
ound duration ranged between 2.4 and 21.8 s. Root mean square intensity was  ﬁxed
or all stimuli. The task on all trials was to decide whether the sound would nor-
ally be made indoors or outdoors; sound examples are available on-line (examples
3–14).
.8.  Test procedure
For each test trials were administered in a ﬁxed randomised order. Sounds were
resented as digital waveﬁles from a notebook computer dichotically via Sennheiser
D  280-Pro headphones (Sennheiser, Wedeburg, Germany) at a sound pressure level
f  at least 70 dB. For each trial, response options were given in both verbal and
iagrammatic form; responses could be made either by speaking or by pointing to
he appropriate word/diagram (see Fig. 1 and legend). Responses were recorded
or off-line analysis. Subjects were familiarised with each task at the outset using
xample stimuli not used in the subsequent test; no feedback about performance
as  given during the test and no time limit was  imposed on subject responses.
.9.  Statistical methods
For all tests, statistical comparisons were made between the main syndromic
roups (AD, PNFA, LPA), and where appropriate, the control group using the test
core as the outcome. This assumes that differences in score are treated as equiv-
lent regardless of the absolute performance levels at which they occur; however,
his seems reasonable for these data where most controls performed at the test
axima. In part due to the small size of the subject groups assessed in this study,
ata were not normally distributed, with heterogeneous levels of variance between
roups, individual subject effects, and (in the control group) a high proportion of
eiling results. These limitations were partly addressed using bootstrapping proce-
ures, which facilitate parametric statistical analyses on non-normally distributed
atasets: such procedures estimate statistical parameters based on a large num-
er of random samples (with replacement) from an original dataset. In this study,
ootstrapped conﬁdence intervals (95% CIs, bias-corrected, accelerated with 2000
eplications) were calculated for all regression coefﬁcients within each linear regres-
ion  analysis. Additionally, in the analysis involving group by test interaction terms,
amples used in the bootstrapping procedure were clustered by subject. The perfor-
ance of the single patient with GAA was  not included in any statistical analyses,
nd  is presented for qualitative comparison purposes only.
.9.1. General neuropsychological analysis
For the majority of tests in the general neuropsychological assessment (Table 1),
aw results were transformed into standardised (IQ or Z) scores based on published
orms for subsequent analysis. For the mini-mental state examination and the sin-
le word repetition test, and for tests also completed by the experimental control
roup, scores were analysed in raw format. For each test, linear regression was  used
o  assess any association of group with performance (with covariates of age and
ender where score standardisation had not already adequately accounted for these
actors).
.9.2.  Peripheral hearing analysis
To examine the association of group with hearing, separate linear regressionnalyses were conducted for each of the frequency levels tested. Each model con-
ained detection threshold as the dependent variable, and group (control, AD, PNFA,
PA) as the independent variable. Linear regression was also used to assess the rela-
ionship between auditory experimental test score and hearing, separately for each
f the frequency levels tested within each group. arrows; for the auditory size tests, the words “big” and “small” printed in large and
cal examples of tools and animals respectively; for the semantic test, photographs
2.9.3. Experimental auditory analysis
Linear regression was used to assess the main effect of group membership on
performance within each experimental auditory test, covarying for age and gender.
For each of the auditory tests, two separate regression models were evaluated: the
ﬁrst model had no additional covariates, while the second model included an addi-
tional covariate of reverse visuospatial span. Reverse visuospatial span is a measure
of general executive capacity and more speciﬁcally, nonverbal working memory.
While the experimental auditory tests were designed to reduce working memory
load, some working memory capacity is likely required for the evaluation of any
sound over the interval of its duration. In an additional analysis, linear regression
was  used to evaluate group-by-test interactions across the whole experimental bat-
tery. In particular, this analysis sought to compare ‘proﬁles’ of test performance
across the whole experimental auditory battery between groups, and to determine
whether any between-group difference was  disproportionately large on any indi-
vidual auditory test compared to all other auditory tests combined. To facilitate the
proﬁle analysis, all raw test scores were converted to a ‘scaled score’ (/20) using a
linear transform. The linear regression model included the dependent measure of
scaled score, ﬁxed factors of test and group, and covariates of age, gender and reverse
visuospatial span; bootstrap conﬁdence intervals were clustered by subject. Finally,
correlation analyses (Pearson’s rho) were conducted in order to investigate associ-
ations between experimental auditory tests; speciﬁcally, all correlations between
early perceptual and apperceptive tests, and between apperceptive and semantic
tests, were assessed. To enable detection of distinct patterns of association in dif-
ferent dementia syndromes, and owing to the small sample sizes involved, these
analyses were conducted within each patient group separately.
3. Results
3.1. General neuropsychological ﬁndings
Results of the general neuropsychological assessment are sum-
marised in Table 1; individual patient data are presented in
Supplementary Material on-line. Relative to healthy controls (rep-
resented by the control group or expected population norms), all
patient groups showed widespread deﬁcits, but relatively intact
visual object apperceptive processing (on the Object Decision Test).
In syndromic group comparisons, the AD group showed a more
severe deﬁcit of verbal episodic memory (on the Recognition Mem-
ory Test) than the PNFA group, while both aphasic groups showed
more severe deﬁcits of verbal semantic processing (on the British
Picture Vocabulary Scale) and verbal short term memory (digit
span) than the AD group. The LPA group showed additional impair-
ments of episodic memory (on the Recognition Memory Test),
naming (on the Graded Naming Test) and visuospatial short term
memory (visuo-spatial span) relative to both the AD and PNFA
groups. The PNFA group showed a more severe deﬁcit of single word
repetition than the LPA group. The patient with GAA showed the
previously described proﬁle of impaired verbal processing (Wech-
sler Abbreviated Scale of Intelligence verbal IQ and Graded Naming
Test), verbal short term memory (digit span), and arithmetic (on
2 chologia 49 (2011) 2755– 2765
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he Graded Difﬁculty Arithmetic test), in the context of preserved
erformance IQ (Wechsler Abbreviated Scale of Intelligence per-
ormance IQ), visuospatial short term memory (visuo-spatial span),
nd visual object apperceptive processing (on the Object Decision
est).
.2. Peripheral hearing results
Sound detection thresholds for two of the ﬁve frequencies exam-
ned (3000 Hz, 4000 Hz) did not differ for any patient group with
espect to the control group (see Supplementary Table 3 on-line).
etection thresholds with respect to controls were signiﬁcantly
ncreased for each patient group at 1000 Hz, and also for the LPA
roup at 500 Hz and 2000 Hz. However, these differences were rel-
tively small: intensity thresholds in patients were raised by an
verage of 4–14 dB relative to controls. Overall the results suggest
imilar peripheral hearing performance across the patient and con-
rol groups, or that differences were relatively small and restricted
o particular frequencies. Further, there was no evidence of a signif-
cant effect of peripheral hearing on any experimental auditory test,
or any patient group or frequency level (results not presented).
ndividual patient data are presented in Supplementary Material
n-line.
.3. Experimental auditory ﬁndings
Auditory performance is displayed in graphical form in Fig. 2,
nd summarised in Supplementary Table 4 on-line. Group dif-
erences in auditory performance are presented in Table 2, and
roup-by-test interactions are presented in Table 3. Individual
atient data for all experimental auditory tests are presented in
upplementary Material on-line.
.3.1. AD versus controls
The AD group was signiﬁcantly impaired relative to the healthy
ontrol group on all auditory cognitive tests except timbre per-
eption (Table 2). However, only the auditory apperceptive deﬁcit
emained after adjusting for nonverbal working memory perfor-
ance. Additionally, the proﬁle analysis revealed a signiﬁcant
roup by test interaction, suggesting a particularly severe deﬁcit
f apperceptive processing in AD: the mean AD-control score dif-
erence was on average 1.6 points greater than the mean AD-control
core differences across the other auditory tests (Table 3). In con-
rast to this deﬁcit, the AD group did not differ from controls on
ests of pitch change detection and timbre perception.
.3.2. PNFA versus controls
The PNFA group was signiﬁcantly impaired relative to the
ealthy control group on tests of pitch direction perception, tim-
re perception and auditory semantic processing (Table 2). These
eﬁcits remained after adjusting for nonverbal working memory
erformance. Additionally, the proﬁle analysis revealed a signif-
cant group by test interaction, suggesting a particularly severe
eﬁcit of timbre processing in PNFA: the mean PNFA-control score
ifference on the timbre test was on average 1.9 points greater than
he mean PNFA-control score differences across the other auditory
ests (Table 3). In contrast to these deﬁcits, the PNFA group did not
iffer from controls on the tests of auditory size perception and
uditory apperception.
.3.3. LPA versus controls
The LPA group was signiﬁcantly impaired relative to the healthyontrol group on all auditory cognitive tests (Table 2). However,
nly the timbre perception deﬁcit remained after adjusting for non-
erbal working memory performance. The proﬁle analysis revealed
o signiﬁcant group by test interactions involving the LPA group, Ta
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Fig. 2. Raw data for experimental auditory tests. Key: AD, clinically typical Alzheimer’s disease; LPA, logopenic aphasia; PNFA, progressive non-ﬂuent aphasia.
Table  3
Auditory performance proﬁles of patient groups: between-test comparisons.
Group comparison Experimental auditory test
Pitch—detect Pitch—dir Timbre Size—fam Size—unfam Apperceptive Semantic
AD—control 0.4 0.1 0.5 0.5 −0.6 −1.6 0.3
(−0.3,  1.1) (−0.8, 0.8) (−0.4, 1.4) (−0.1, 1.1) (−1.8, 0.5) (−2.9, −0.1) (−0.1, 0.9)
PNFA—control −0.4  −0.5 −1.9 1.0 2.0 1.0 −0.8
(−2.5,  1.3) (−1.1, 0.1) (−4.4, −0.2) (0.3, 1.8) (0.8, 3.4) (−1.8, 3.5) (−2.0, 0.9)
LPA—control 0.2  1.1 0.4 0.4 −2.9 0.4 0.4
(−2.8,  2.6) (−1.4, 3.1) (−1.4, 2.2) (−2.3, 2.6) (−7.0, 1.3) (−1.7, 2.6) (−1.3, 1.9)
PNFA—AD −0.8  −0.6 −2.4 0.5 2.5 2.6 −1.2
(−3.0,  0.9) (−1.6, 0.4) (−4.8, −0.5) (−0.3, 1.5) (1.0, 4.2) (−0.3, 5.2) (−2.5, 0.6)
LPA—AD −0.2  1.0 −0.1 −0.1 −2.3 2.0 0.1
(−3.2,  2.4) (−1.4, 3.2) (−2.0, 1.9) (−3.0, 2.1) (−6.4, 1.8) (0.0, 4.7) (−1.7, 1.7)
PNFA—LPA −0.6  −1.6 −2.3 0.6 4.9 0.5 −1.2
(−3.8,  2.7) (−3.6, 0.9) (−5.4, 0.1) (−1.8, 3.4) (0.5, 9.0) (−2.8, 3.6) (−3.2, 1.5)
Statistical inferences are based on bootstrap conﬁdence intervals (95%, bias-corrected, accelerated with 2000 replications). Figures represent the additional difference in
score  between groups for a given test compared to the mean difference in score between groups for all the other tests combined (with 95% conﬁdence intervals), after
accounting for age, gender and working memory; test scores have been scaled to a maximum of 20. Key: Bold numbers indicate signiﬁcant group differences (p < 0.05); AD,
clinically typical Alzheimer’s disease; detect, change detection; dir, direction perception; fam, familiar; LPA, logopenic aphasia; PNFA, progressive non-ﬂuent aphasia; unfam,
unfamiliar.
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nd therefore provided no evidence of disproportionate impair-
ent on any particular auditory test (Table 3).
.3.4. Comparisons between syndromic groups
The PNFA group was signiﬁcantly impaired relative to the AD
roup on the timbre and semantic processing tests (Table 2); only
he deﬁcit on the semantic test remained after adjusting for nonver-
al working memory performance. The LPA group was  signiﬁcantly
mpaired relative to the AD group on the pitch change detection
nd auditory semantic processing tests and impaired relative to
he PNFA group on perception of auditory size information from
ess familiar sounds; however, these differences were no longer
igniﬁcant after adjusting for nonverbal working memory perfor-
ance.
The proﬁle analysis corroborated these disease group compar-
sons. Signiﬁcant group by test interactions suggested a particularly
evere deﬁcit of timbre processing in PNFA compared to AD (the
ean AD-PNFA score difference on the timbre test was  on average
.4 points greater than the mean AD-PNFA score differences across
he other auditory tests; Table 3) and a particularly severe deﬁcit
n the perception of auditory size from less familiar sounds in LPA
ompared to PNFA (the mean PNFA-LPA score difference on this test
as on average 4.9 points greater than the mean PNFA-LPA score
ifferences across the other auditory tests; Table 3). However, wide
onﬁdence intervals mean that these results should be interpreted
ith caution.
.4. GAA
The single patient with GAA performed within the control
ange on most experimental auditory tests, with the exception of
itch direction perception and apperceptive processing. Of note,
is performance was ﬂawless on tests of pitch change detection,
ize perception, and semantic processing (raw test scores for this
atient are provided in Supplementary Material on-line).
.5. Correlations between experimental auditory tests
In separate within-group correlation analyses, no signiﬁcant
orrelations were identiﬁed between early perceptual and auditory
pperceptive performance or between apperceptive and auditory
emantic performance in any of the groups (all p > 0.05). This appar-
nt lack of correlation should be interpreted cautiously: these
nalyses were conducted within each patient group separately to
nable the detection of distinct correlation patterns in different
ementia syndromes, and therefore involved smaller sample sizes
han were used in the main regression analyses.
. Discussion
Here we have presented evidence that dementia syndromes are
ssociated with impaired processing of auditory objects. Our ﬁnd-
ngs suggest that certain auditory object processing deﬁcits are at
east partly dissociable from other cognitive factors and may  have
elative speciﬁcity for particular syndromes. Relative to healthy
ubjects, patients with AD had a deﬁcit of auditory apperceptive
rocessing while patients with PNFA had deﬁcits of pitch direc-
ion, timbre and semantic processing; furthermore, these deﬁcits
ere not substantially changed by accounting for general executive
working memory) performance. Auditory semantic processing in
NFA was also impaired relative to another neurodegenerative syn-
rome (AD), and again, this effect was not simply attributable to
xecutive capacity. For both the PNFA and AD groups, performance
roﬁles across the whole auditory test battery corroborated the
ndings for each test considered separately: on the proﬁle analy-
is, patients with AD and PNFA were disproportionately impairedia 49 (2011) 2755– 2765
on measures of apperceptive and timbre processing respectively.
In addition, these patient groups showed distinct patterns of pre-
served performance relative to controls: AD patients had intact
timbre perception, while PNFA patients had intact auditory size
perception. Furthermore, PNFA patients did not differ signiﬁcantly
from controls on the apperceptive test, indicating further cognitive
preservation; however, given that the group difference here was
relatively large, this ﬁnding should be interpreted with caution.
The performance of the single patient with GAA provided fur-
ther evidence for syndrome-speciﬁc patterns of auditory deﬁcits:
notwithstanding his severe verbal deﬁcits, this patient showed
remarkably preserved performance on several nonverbal auditory
measures (pitch change detection, size perception, semantic pro-
cessing) with a relatively mild deﬁcit of pitch direction processing
and a more severe deﬁcit of auditory apperceptive function. Taken
together, the results of this study suggest that dementia syndromes
are associated with distinctive proﬁles of auditory object process-
ing.
Auditory cognitive performance was inﬂuenced by executive
(nonverbal working memory) capacity across a range of tasks and in
each syndromic group: this working memory factor appeared par-
ticularly relevant to the rather general impairment of nonverbal
auditory functions exhibited by patients with LPA. Given the gen-
eral requirement for tracking auditory information as it evolves
over time, working memory capacity is likely a priori to be rele-
vant to auditory object processing even when (as in the tests here)
processing single auditory stimuli; for example, when labelling the
direction of a pitch glide. While little is known about nonverbal
auditory working memory processes, the present results suggest
that nonverbal auditory cognition is at least partially dependent
upon working memory mechanisms, and additionally, that such
mechanisms may  be shared with another (visuospatial) modality.
This interpretation is supported by functional imaging evidence in
healthy subjects (Klemen, Buchel, & Rose, 2009; Koelsch et al., 2009;
Protzner, Cortese, Alain, & McIntosh, 2009; Protzner & McIntosh,
2007; Rama & Courtney, 2005; Schulze, Zysset, Mueller, Friederici,
& Koelsch, 2010). The present evidence suggests that interactions
with working memory processes may  be particularly relevant in
the syndrome of LPA, consistent with previous evidence in the
auditory verbal domain (e.g., Gorno-Tempini et al., 2008). How-
ever, the role of working memory in non-verbal auditory processing
remains unclear, and further neuropsychological and neuroimag-
ing evidence will be required to resolve this issue. More speciﬁcally,
it is unlikely that the working memory mechanisms required by
the current auditory tests were fully captured by the spatial span
covariate used here; furthermore, such mechanisms may  segregate
into dissociable modality- and task-speciﬁc components (Kaiser,
Lutzenberger, Decker, Wibral, & Rahm, 2009).
It is noteworthy that the most robust auditory deﬁcits in the AD
and PNFA groups here involved relatively complex operations in
auditory object processing (apperceptive processing in AD, timbre
and semantic processing in PNFA), whereas deﬁcits in the encod-
ing of elementary auditory properties such as pitch and size were
less prominent or less speciﬁc. These ﬁndings are consistent with
previous neuropsychological evidence in the progressive aphasias
(Goll, Crutch, Loo et al., 2010) and with the known distribution of
pathology in these syndromes (Arnold, Hyman, Flory, Damasio, &
Van Hoesen, 1991; Broe et al., 2003). In both AD and FTLD, there is
relative sparing of areas (including primary auditory and adjacent
cortices) previously implicated in encoding more basic auditory
properties such as pitch and size in healthy subjects (Gutschalk,
Patterson, Rupp, Uppenkamp, & Scherg, 2002; Habib et al., 1995;
Hattiangadi et al., 2005; Johnsrude et al., 2000; Lechevalier, Platel, &
Eustache, 1995; Patterson et al., 2002; Penagos et al., 2004; Tanaka,
Yamadori, & Mori, 1987; Terao et al., 2006; Tramo et al., 2002;
von Kriegstein et al., 2006, 2007; Zatorre, 1988). In contrast, the
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ncoding of timbre (a multi-dimensional spectrotemporal sound
roperty: Goll, Crutch, & Warren, 2010) depends on more com-
lex computations within a postero-lateral temporal lobe network
xtending from primary auditory cortex to planum temporale and
he superior temporal sulcus (Grifﬁths et al., 2007; Kumar et al.,
007; Warren et al., 2005). These regions are damaged in PNFA,
roviding a potential substrate for the relatively prominent deﬁcit
f timbre processing that we have described in this group both here,
nd previously using a different test (Goll, Crutch, Loo et al., 2010).
dditionally, distributed overlapping cerebral networks traversing
ostero-lateral temporal and inferior parietal cortices are likely
o mediate aspects of apperceptive and semantic auditory object
rocessing (Engel et al., 2009; Leaver & Rauschecker, 2010; Lewis
t al., 2005, 2010; Staeren et al., 2009). A detailed regional anal-
sis of individual proﬁles of atrophy in the present cases (see
upplementary Material on-line) conﬁrmed the basic pattern of
elative sparing of Heschl’s gyrus with widespread involvement
f association auditory cortical areas in these degenerative syn-
romes, albeit with extensive overlap of atrophy proﬁles across
yndromes. At group level, AD and PNFA are likely to involve dis-
inct patterns of damage within auditory association areas (e.g.,
eeley et al., 2009), thereby providing potential anatomical sub-
trates for the distinctive proﬁles of auditory cognitive performance
bserved in these syndromes; however, further research involving
tructural and functional imaging of well-deﬁned patient cohorts
ill be required to specify these associations in detail.
The disproportionate auditory apperceptive deﬁcit in the AD
roup here is in line with previous evidence for visual appercep-
ive deﬁcits in AD (Mendez, Mendez, Martin, Smyth, & Whitehouse,
990; Uhlhaas et al., 2008). The AD group here performed nor-
ally on a visual apperceptive (Object Decision) test, suggesting
hat auditory apperceptive deﬁcits in this syndrome are poten-
ially modality-speciﬁc; however, more closely analogous tasks
ssessing apperception in multiple modalities would be required
o resolve this issue. Within the auditory modality, a primary
mpairment of apperceptive processing could in principle under-
ie various perceptual and semantic deﬁcits previously reported
n AD (Eustache et al., 1995; Kurylo et al., 1993). Additionally,
pperceptive environmental sound agnosia has been associated
ith focal damage involving posterior temporal and parietal cor-
ices (Fujii et al., 1990; Saygin, Leech, & Dick, 2010) that are sites
f disease involvement in AD. More speculatively, there may  be
 biochemical predisposition to development of such deﬁcits in
D: AD is associated with a deﬁciency of cortical acetylcholine
nd acetylcholine has been shown in animal models to modulate
ommunication between primary and higher order auditory cor-
ices that is likely to support more complex perceptual analysis
Roopun et al., 2010). The selectivity of the apperceptive deﬁcit
n AD remains to be deﬁned: here, these patients also exhibited
ess severe auditory perceptual and semantic deﬁcits, which may
ave inﬂuenced apperceptive performance even though correla-
ions between apperceptive and other auditory cognitive functions
ere not observed. Indeed, previous evidence has demonstrated
he potential for interactions between perceptual, apperceptive
nd semantic stages of auditory object processing (Clarke et al.,
996; Staeren et al., 2009). In contrast to the AD group, the PNFA
roup here did not differ from controls on the auditory apper-
eptive test. While this ﬁnding may  seem at odds with previous
vidence for an auditory apperceptive deﬁcit in PNFA (Goll, Crutch,
oo et al., 2010), together these studies suggest that there is no
ingle cognitive mechanism of auditory apperceptive processing:
ather, there may  exist several intermediate processing stages that
ight in principle be differentially vulnerable to a particular proﬁle
f cortical atrophy.
All three syndromic groups here had impairments of auditory
emantic processing. However, the auditory semantic deﬁcit wasia 49 (2011) 2755– 2765 2763
most evidently syndrome-speciﬁc in the case of the PNFA group,
corroborating previous evidence (using an alternative test proce-
dure: Goll, Crutch, Loo et al., 2010) for a modality-speciﬁc auditory
semantic deﬁcit in patients with PNFA. While we did not under-
take a parallel assessment of semantic processing in the auditory
and visual modalities here, it is noteworthy that the PNFA group
showed particularly impaired auditory object recognition despite
preserved performance on a background neuropsychological task
that is likely to engage visual semantic mechanisms (word-picture
matching: British Picture Vocabulary Scale, Dunn, Whetton, &
Dunn, 1982). These ﬁndings align with previous neuropsychologi-
cal (Saygin et al., 2003; Schnider et al., 1994; Vignolo, 1982, 2003)
and neuroimaging (Engel et al., 2009; Leaver & Rauschecker, 2010;
Lewis et al., 2005, 2010; Staeren et al., 2009) evidence implicating
peri-Sylvian regions in the semantic processing of sounds. How-
ever, auditory semantic processing is likely to be at least partly
contingent on perceptual mechanisms (Clarke et al., 1996; Staeren
et al., 2009); and indeed, the PNFA group here showed additional
deﬁcits of pitch direction and timbre perception. Taken together
with previous work (Goll, Crutch, Loo et al., 2010), the present
study suggests a complex disorder of auditory cognition in PNFA
that is unlikely to be attributable to a single cognitive operation or
processing stage.
This study has the limitations of small case numbers (with
correspondingly wide conﬁdence intervals on the group statisti-
cal comparisons) and a lack of direct anatomical and pathological
correlation with deﬁcits observed. Furthermore, the deﬁcits high-
lighted occurred in the context of more generalised auditory
dysfunction and more widespread cognitive impairment. None of
the deﬁcits was restricted to a particular dementia syndrome. Tak-
ing these caveats into account, the evidence presented here for
separable stages of auditory object analysis and separable proﬁles
of impaired auditory object cognition in different dementia syn-
dromes should motivate future work in larger patient cohorts and
additional neurodegenerative diseases. From a clinical perspective,
the study of cortical auditory dysfunction could potentially inform
our understanding of core symptoms in these disorders. Indeed,
the present ﬁndings corroborate and extend previous clinical and
electrophysiological evidence for signiﬁcant central auditory dys-
function in common dementias (Eustache et al., 1995; Goll, Crutch,
Loo et al., 2010; Golob, Irimajiri, & Starr, 2007; Golob et al., 2009;
Kurylo et al., 1993). From a cognitive neuropsychological perspec-
tive, there is a need to establish the relations between different
stages of auditory object analysis, including processes for seg-
regating objects embedded in complex auditory scenes, and in
particular to delineate working memory mechanisms involved in
object and spatial processing. Additionally, there is a need to com-
pare mechanisms of object analysis across different modalities,
using appropriately matched or analogous tasks in each modality.
Ultimately, correlative structural and functional neuroimaging and
neuropathological studies will be required in order to elucidate the
pathophysiology of auditory cognitive deﬁcits in dementia.
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